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Abstract 

The friction and wear properties of several retractory 
s« I tellies, tioridcs, and carbide coatings were examined The 
coalings were applied to type 440C steel surfaces b> radlo- 
Irequcncy sputlennit. The frii'.lon and wear properties ol the 
coatings were tound to be related to stoichiometry and impur- 
ity content . f the bulk coaling as well as the degree ol inter- 
laced adherence between coaling and substrate. Hulk coating 
stoichiometry could to large extent be controlled by the appli- 
cation oi a negative bias voltage during deposition . Adherence 
was promoted In tin- formation oi an oxidized layer at the in- 
terface. Deliberate preoxidizing of the 440C produced en- 
hanced adherence for many compounds vi hu h is related to the 
formation ol a mixed oxide transition region. 

INTHuDt CTKi.N 

1 he use of hard coatings lor improving wear resistance 
is commonly practiced Coating of seals, cams, and valve 
heads are typical examples. Hardened surfaces are routinely 
prepared by conventional lcchni({ues such as carlxmizutg or 
minding Hardfaced coatings can be applied by elcctroplalmg, 
welding, or plasma spray uig <1) These methods ol applica- 
tion arc quite suitable lor some substrates and some coating 
materials, but not lor all. Limitations imposed by the high 
temperatures required for furnace or plasma spraying meth- 
ods preclude their use on some component or alloy sy stems 
In addition, mechanical stresses can be uiduced m compo- 
nents due to thermal gradients introduced during the coating 
operation, further, design considerations may require ex- 
pensive gruiding to tuiishcd dimensions depending on the pre- 
cision ol the part 

Coatings applied by vacuum deposition methods are gen- 
erally thin enough (<10 aim so that tor all practical purposes 
the finished dimensions are unchanged In the coaling process 
In addition, the surface beuig coated is not subjected to the 
high temperatures requir I by other methods Adherent, 
dense coatings of both metals and nonmetuls can be applied by 
the vacuum ilcpusition methods. In particular, the reliactory 
metal carbides, aflicides, and borides can In deposited by 
rudiolrequcncy ( rl) sputtering. 

The se compounds are ol interest becuuse of their cx- 
tn me hardness (up to 5000 kg/mm | and potential lor use at 
elevated temperatures, lattle work has been done on evalu- 
ating these materials as antiwear coatings when applied by rf 
sputtering Some preliminary work did indicate that pro- 
nounced improvement in bull -bearing life was obtained when 
bearing races and cages were precoated with a refractory 
sllicide before tic mg lubricated with molybdenum disulfide (2). 


The objective of this investigation was to examine the ad- 
herence, friction, and wear properties of some refractory 
compounds applied by radiol requency sputtering to a steel sub- 
strate and to determine how the friction, adherence, and wear 
properties ol these compounds are effected by bias and sub- 
strate preparation. 

APPARATUS AND PROCEDURE 

rl Sputtering 

The sputtering ol the materials used in this investigation 
was conducted in a commercial rf diode a|>puratus operating at 
13.56 mHz. The apparatus is shown schematically in Eig. 1. 
The material to be sputter deposited is in the form of u hot 
pressed disk shaped compact, 15 2 centimeters in diameter 
which was commercially purchased. The compact or target 
as it is • ailed when mounted, is cemented with a silver con- 
ductive epoxy onto a copper backing plate ( 0.60 cm thick) 

The copper bucking plate is mounted unto a water cooled rf 
electrode also 15.2 centimeters in diameter. The specimen 
to be existed is placed 2 5 centimeters directly below the tar- 
get on an electrically insulated block. The insulated block 
sets on the grounded substrate table. (The target and the 
grounded table comprise the rf diode. | An additional voltage 
from 0 to -1500 volts dc may be applied directly to the speci- 
men either for specimen cleaning by dc sputter etching or for 
biasing the specimen during film deposition and growth. 

Provision is made for rotation of the entire substrate 
table so the disk specimen may be moved out Irom under the 
target The target thusly can be cleaned without contaminating 
the specimen. II desired the disk could be cleaned by sputter 
etching during this lime . 

The entire sy stem comprising the diode Is contained in a 
glass bell jar, 45 centimeters in diameter. The system Is 
mechanically forepumped and oil dillusion pumped through a 
liquid nitrogen cooled bailie During deposition, high purity 
argon <DD ilililO percent) was bled continuously into the sy stem 
through a leak valve and a dy namic pressure balance between 
the pumping sy stem and argon leak of approximately 20 mi- 
crons was maintained in the bell iar. 

Prior to startir ( deposition, the target was cleaned by rf 
sputtering until little pressure rise due to outgasslng oc- 
curred. Following target cleaning the selected bias voltage 
was set and the specimen rotated back under the target and 
deposition initiated. The power density was constant lor all 
coatings at 1 64 watts/ cm* Higher power levels were found 
to inciease contamination by heating of the target |3) Deposi- 
tion times were Irum 20 to 60 minutes, depending i n material 
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which product'll coatings between 2ui)0 a mid 3000 A for ull 
material* us determined b> surface prulllometer measure- 
ments oi a step 

E rtetiun Experiments 

The lemma ol the rt sputtered films wa* done on a pin on 
dlak apparatus The pm on diak coidlguratior la widely uaed 
lor aohd tlim lubrication testing The upparatua ahown in 
Eig 2 con a lata ol a Hat ti 4 centimeter diameter dlak which 
la mounted on the end ol a rotulma ahull The dlak apecimen 
ia a type 44UC steel dlak which haa been rt aputter coated 
with one ol the teat mate rial a 

Loaded against the auilace of the dlak la a 0 476 centi- 
meter radiuaed pui of 304 aluinleaa ateel The pm ia mounted 
in a holder on the end ol and perpendicular to a gimbal sup- 
ported arm The pm la louded against the surface ol the dlak 
by hanging weights on the arm hallway between the pm and 
ginibal Normal louds from 0 1 to 5 newton* were uaed The 
end ol the arm op|aiaite the pin holder la attached to a strum 
gage bridge which measure* the lrictlonal force 

The entire apparatus is enclosed in a clear plastic box 
A constant How ol dry nitrogen la mumiamed in the box prior 
to and during friction teats tu minimise environmental etlcctB. 

The experiments reported ui this paper were conducted 
at a constant speed ol 25 centimeters per second The dura- 
tion ol each friction experiment was 30 minutes following 
the friction experiments, the disks were examined by optical 
microscopy und aurtaee prolilometry tu determine the extent, 
11 any, ol film wear or spalling from the 440C substrate 
film spalling was readily observed on the surface profile 
tracing by the appearance of sharp, vertical aided, flat bot- 
tomed cross sections which are characteristic of a brittle 
film spall Hidcr wear volume was culcululcd Irom the mea- 
sured pin wear scar diameter 

It is recognized that the pm on disk configuration pro- 
vides extremely high contact stresses in contrast to the con- 
forming type ol contract, because of the uncertainties with 
regard to modulus values for coated substrates, no attempts 
tj calculate Hertzian stresses were made tor the coated sam- 
ples However, the tlcitzian stress for the uncoated disk 
contacted by a 204 stainless steel pin at a 0 5 newton loud was 
24 6 kg, mm" Any coating that performs well under ex- 
tremes such as exist in these experimental conditions would 
be expected to perform well or better under less severe con- 
ditions Thus ui this regard, the pins on disk teal can be re- 
garded as an upper limit screening test for these coatuigs 

Spec line n Preparation 

The 44oC disk specimens were ull prepared Ui the same 
manner prior to coating The disks were abraded on silicon 
curblde paper down to 600 grit Then they were polished with 
3 pm size diamond paste followed by lapping with 1 pm alumi- 
na following lapping, the disks were ruised with alcohol, 
dried and when desired, inserted into a muffle furnace for 


de liberate oxidizing The furnace was held ut 340 u C at times 
from is tu 60 hours This treatment was sufficient to produce 
a thm transparent oxide film with a slight reddish cast, with- 
out softening the diak foilwing cooling to room temperature, 
the disks were inserted into the sputtering apparatus for coat- 
ing An Auger emission spectroscopy analysis of the oxidized 
440C showed the surface to be primarily iron oxide. Very 
little chromium was observed in the Auger spectrum 

KESIT.TS ANU DISCISSION 

In order for any coating to provide wear resistance, it 
must adhere tu the surface to be protected from wear There 
are several sputtering parameters as well as substrate condi- 
tions thut will uffect coating adhesion. The first priority in 
studying thin, wear resistant coatings was to determine the 
sputtering conditions that would yield the best adherence. It 
is known from the literature (3) that sputter etching (cleaning) 
ol the substrate can enhance adherence. Also, biasing the 
substrate with a negative potential during deposition is known 
to exert an influence on film properties for example, bias- 
ing has been shown to affect the structure, electrical resis- 
tivity, impurity content, and stoichiometry oi sputtered films 
(4, 5) Both of these methods were used in order to determine 
their effectiveness Adherence is difficult to evaluate quan- 
titatively, but several qualitative tests are tired The scratch 
test consists of drawing a stylus (diamond) across the coating 
ut increasing loads until significant separation of the coating 
from the substrate occurs. This meti od has appeal for study- 
ing wear- resistant coalings becuuse the te«* parallels a sliding 
friction experiment. The stresses are similar to those gener- 
ated on an actual sliding surface The scratch test was used 
as a compliment to full scale pin-on-disk tests in order tu 
examine the adherence microscopically in the scanning elec- 
tron microscope. 

A diamond sty lus scratch tester was incorporated into the 
specimen stage oi a scanning electron microscope (SEM) The 
test specimens consisted of a rf sputter coated 2. 0-ccntUr.eter- 
diameter 440C steel disk and a 25-micrometer-radius diamond 
stylus. The disk was mounted on an adapter to the rotary 
specimen feedthrough The diumond stylus, which contacted 
the disk normally , was mounted in the end of an arm which 
projected into the chamber via a bellows from a glmbal sys- 
tem outside the ehumber The gimbal was controlled by a 
micrometer, which allowed for precise positioning and load- 
ing oi the stylus on the disk This device has been reported 
in the literature previously (6) 

Effect of Bus 

The general effect of biasing the substrate during film 
deposition is to produce a coating less prune to fracture and 
spalling in contrast to coatings that were deposited with the 
substrate held at ground potential A typical series of 
scratches on a Cr 3 C 2 coated 440C surface are shown in 
Klg 3. Both tracks were made with the same applied load at 
the same speed The cracking and fracture of the film was 
also evidenced in the friction coefficient tracings of the 
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grounded deposited couting (fig 4). Contrast the rough trac- 
ings with the lower smooth tracing for the biased sample. 
S.milar result* were observed during full scale pin on disk 
test for example, fig. 5 shows wear tracks for titanium 
carbide coated HOC with und without u bias voltage Bias 
clearly hus the effect of reducing wear on the coated surface. 

These results prompted a further investigation into the 
effect of bias on the composition of the films and the interface 
between the coatings and substrate . Deluded results of that 
investigation are reported in the literature (7 . H) and another 
paper presented at this meeting (11). In general, it was found 
that, samples deposited without bias were not stoichiometric 
and contained large amounts of oxide impurities Bias depos- 
ited samples, on the other hand, were closer to target stoi- 
chiometry and considerably freed of oxides, for example, 
coalings sputtered from a chromium boride target without bias 
were almost 75 percent oxides while when a bias voltage of 
-300 volts was upplied during deposition, the oxide content 
droppeu to approximately one-third that level (5). This drop 
is due the buck sputtering of the growing coatbig causing the 
oxides to be reduced. 

Applications where a substrate bias was employed, either 
dc or rf, have been reported in the literature (10, 11) These 
observers have noted significant differences in coating proper- 
ties depending upon bias conditions Properties such as elec- 
trlcul resistivity und crystallinity arc reported to be altered 
by biasing Most of these studies, however, huve been con- 
ducted with analy ses of metallic films rather than inorganic 
compounds Moreover, most results reported on composition 
variations are the result of indirect measurements such as 
relating oxygen Impurities to electrical conductivity rather 
than the direct measurements done for these inorganic com- 
pounds 

It uppears that improvements bi adherence and wear of 
coatings applied with bias are related to improvements in the 
bulk quality of the films. This reaults specifically from maxi- 
mizing the stoichiometry by a reduction of oxide impurities. 

Specimen Preparation 

Pnc leaning tl.J substrate to be coated by argon ion bom- 
bardment (etching) prior to uctually stalling the deposition 
process is a common practice and it is widely accepted as a 
means of improvbig bonding between coating and substrate 
Sputter etching Is thought to promote bonding by removing 
contaminunl layers and oxides so that the "clean" substrate 
can interact with the film constituents. 

To determine if sputter etching would yield better bonding 
between the refractory borides, silicidea, and carbides and 
the 440C substrate, all compounds were sputter deposited onto 
440C substrates that had been sputtered etched lor 15 minutes 
at -1200 volts prior to coating While the reaults of these ex- 
periments were specific to each material, the general obser- 
vation is that sputter utching did not, in asy case, promote 
bonding and in some cases actually was detrimental to adhei- 
ence An example is given in fig. 6 Shown in fig. 0 are 


sputter etched 44 l)C disks that had been coated with Mo^C. 

One coating was applied with a bias chosen from Ref. 7 to pro- 
duce maximum stoichiometry and minimum oxide impurities. 
The aecond oooting, applied with the substrate grounded, was 
oxide contaminated. Both disks were cleaned by sputter etch- 
ing before coating. 

The bias deposited Mo^C coating peeled off spontaneously 
(fig. 7) due to the intrinsic film stresses. The aecond coating 
remained intact. These results suggested that oxidized films 
adhere better than the high quality biased coatings or that 
oxide layers at the interface promote bonding, figure H shows 
friction duta for Mo.,C coatings applied to 440C under three 
different conditions Also shown at the top of the figures are 
surface profile tracings of the wear tracks after running. The 
high frlotior of the grounded sample on an etched disk is due 
to poor bulk film properties. The aecond sample was done on 
an etched diak but the sample was kept grounded the first 
2 minutes of deposition in order U form an oxidized layer, 
followbig that the bias of -300 volts wus applied in order to 
produce a high quality bulk carbide film on top of the oxidized 
layer. Low friction with no detectable wear was obtained for 
this specimen. A third specimen that was preoxidised in a 
mutfle furnace before being placed in the sputtering apparatus 
was coated with -300 volts bias the entire time. Low-friction 
and wear were also obtained with this sample, clearly verify- 
ing the importance ot the oxidized biterface. The improve- 
ment in bonding was also observed lor several other of the 
compounds, while for still others no apparent benefits were 
gained. 

Titanium boride wa- another maUrial which was better 
bonded to an oxidized diak (fig. 0). Also shown for compari- 
son are friction and rider wear data for uncoated apecimena, 
both as polished and as oxidized. Clearly oxidation of the disk 
surface, by itself, Is detrimental due to the formation of abra- 
sive hard iron oxide. While coating did reduce the overall 
rider wear, the average friction was high due to film spalling 
fur the specimen applied to a sputter etched surface, in con- 
trast, the frictiun and wear are both reduced when the disk is 
oxidized prior to coatuig. 

With molybdenum sillcid*, the improvement in bonding 
was such that in contrast to spalling which occurred on an 
etched surface, the film after running was still intact and even 
exhibited a metallic transfer from the 304 rider onto the coat- 
ed disk (10). 

The oxidation time of the disk prior to sputter coating was 
Ik to 20 hours. A few samples were allowed to remain in Hit 
lurnace for a longer period to determine if more oxidation 
would further benefit frictiun properties. Figures 11 and 12 
show friction and wear data for titanium carbide oiated onto 
disk with three different preparations. Clearly U nger oxida- 
tion limes were beneficial in this case. A separate investiga- 
tion to determine the optimum oxidation conditions for each 
compound la probably required. However such a study was 
beyond the scope of this work. 
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rill' lni(IOrtllliec nl OKlltl'S III lilt' bonding of iwruilll' til 
metals is nut iii’ii in III in Ml mil Karl) work done on on mint a 
( 12 | cleurly established that large pallia ui bonding could Ixi 
obtained ll deliberate oxidizing was mi'liulril in till' processing 
sequence In aililltlon, coatings nl metallic electrical contacts 
on ceramic insulating surface (eg , Al.,t'. ( ) wort* louiul In ail- 
in' ri' lii’lti’f In llii' mixing nl oxides and/or spinel lormalinn 
(Id, III Also, work linin’, on Hu' alit'ar strength of metal- 
ceramic contacts in vacuum ahowi'd large increases in the 
strength nl aonii' nl llu'ai' juili’tlona II tlu' I'lran metal compo- 
nent wan exposed tn oxy yen prior to contact (15). Interesting- 
ly ennuyli even the uilhrroiice ol vapor deposited noble metal 
Ilium mi ylasn wan louiul to Increase il the ilepnaltlnn was done 
with a luyh partial presnure nl oxygen present (lli) 

Ihe question that arose during this investigation was why 
some compounds were better bonded to oxidized aurlucea, 
while others showed little d any improvement The answer 
likely In I I'laleil In the degree nl Ulleractlnn between the oxi- 
dized surtucc (Ke.jli^) ami the oxidized components ol tin- lilm 
constituent elements Analysis of some ol the Intertuclal re- 
gions lormed during deposition ol three molybdenum 111111 - 
pnuuds are shown 111 fig Id These data were taken by X-ray 
photneU'ftmn spectroscopy ol the depth pmliled interfaces 
(S) The schematic representations show the approximate 
hall maximum widths ol the inti ciaclal oxides The slllelile 
coat my has Imth oxides ol slllixm and molybdenum at the 111 - 
terfacc f'here is a tail amount ol mixing Is-tween the iron 
oxide and tlu two him constituent oxides I' he tmnde coaling, 

although also exlilbiluig oxides ol Imth constituents, shows 
very little mixing with the iron oxide. This likely accounts 
for the laid that the friction anil wear ol Mo. ,11 coatings were 
mil enhanced when the surfaces were oxidized (fig 1 11 The 
molybdenum carbide interface shows only molybdenum oxide, 
the oxhle(s) ol the other constituent element (carbon ninn- 
dl-/ oxide ), presumably bcutg (lumped oil due to Its gaseous 
slide The molybdenum oxide is very mixed Into the Iron 
oxnh' and this explains the maim improvement ui adherence 
and thusly friction when the disk was oxidized (tig 1 4 1 . 

The variation in oxide mixing that occurs is likely to lie 
iulluciH’fd bi u number ol factors not yet investigated such as 
oxygen purtial pressure, deposition rule, bias level, and so 
forth Attempting to predict on the basis ol thermodynamic 
inns uk’ rat ions such an tree energies or oxidation poll ntials 
(17), Is ddticull because the stute ol the reactants is not de- 
I lin’d In addition, ceramic phase diagrams assume equilib- 
rium conditions - also not necessarily the case in sputtering 

ll ot course most also lie recognized that these results 
are specific to the material used as the disk (440C) The luct 
that bonding is promoted by the lormalinn ol iron -oxide ikies, 
however, suggests that these results may in gcnciul Is up- 
plied to the coaling n| most steel surfaces where iron oxides 
would Is- 1 \|n etc d to Inrm al the surface for nickel tiuse 
slim s or lor austenitic stainless steels, dlllerent cnullug- 
substrate 111 I 11 actions must Is’ con side red 


CUNC LCSIONS 

fxtenslve testing and analysis of radio! rcquoncy sputtered 
refractory stllcidc, Ixirbk's and carbides cnutings clearly show 
that the performance ol any friction and wear coating is con- 
trolled by two fuctnrs first, the bulk properties of the film, 

It sell, und sc in nil, Us ability to adhere to the substrate. 

The bulk properties can Ik- significantly Improved by 
property biusmg the substrate during deposition .Stoichio- 
metry is generally improved by the reduction of oxide impuri- 
ties. 

Substrate h us, while producing good bulk film properties 
can adversely affect adhesion by removing interlaciul oxide 
luycrs Sputter cleaning ol substrates prior to deposition pro- 
duced |hkii- adhesion lor the same reason. Deliberately pro- 
oxidizing the substrate prior to coating produced aigndtcunt 
gums in coulmg nilhc fence for many compounds The im- 
proved adherence could be related to the formation of a mixed 
oxide interface 
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Figure 1. - Schematic of radiofrequency sputtering apparatus. 
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Figure 3. - Friction tracts generated on chromium carbide sputter-coated 
440C stainless steel. Diamond stylus radius, 25 micrometers; load, 0.49 
newton (50 g). 





Figure 4. - Friction coefficient for molybdenum silicide sputter 
coated 440C stain : -3ss-steel disk. Diamond stylus radius, 25 
micrometers; stylus load, 0.20 newton (20 g); atmosphere, 
nitrogen. 




(b) BIASED (-500 V) 


Figure 5. - Wear tracks for titanium carbide sputter-coated 440C stainless 
steel disk. Rider material. AISI 304 stainless steel; load, 0.49 newton 
(50 g); atmosphere, nitrogen. 
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Figure 6, - Two 440-C disks R F sputter coated with MopC at two bias 
conditions (disks precleaned by sputter etching at -1200 V for 15 min). 



Figure 7. - Photomicrograph of surface of 440-C disk R F sputter coated 
with Mo^ (-300 volts bias). 
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Figure 9. - Average friction coefficient and rider wear 
for 440-C disks either sputter etched (-1200 V for 
15 min) or oxidized (20 hr at 340^ C). Coated disks 
are RF sputtered with TiB 2 1”300 V bias); load, 0. 5 
NT; N 2 atmosphere. 
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Figure 10. - Surface profile trace and photomicrograph of wear track on 
oxidized 440-C sputter coated with VoS^KOO volts bias) 0.10 NT load, 
25 cm/sec. 
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440 -r rikir Dc': M ,e iracmgs of disk wear tra< 
dlsk RF sputter coated with TiC (-500 V bias) 

5 NT, load, 60 minutes in N 2 atmosphere 
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Figure 13. * Schematic representation of interfacial region of RF 
sputtered coatings on oxidized 440-C substrates. -300 V bias. 
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Figure 14. - Average friction coefficient for 440-C with several 
sputter coatings, load 0. 25 NT, speed 25 cm/sec, N 2 at- 
mosphere, 304 steel rider. 




